Abstract: Understanding the adhesive interactions between active pharmaceutical ingredient (API) particles and carrier particles in dry powder inhalers (DPIs) is critical for the development of formulations and process design. In the current study, a discrete element method (DEM), which accounts for particle adhesion, is employed to investigate the attachment processes in DPIs. A critical velocity criterion is proposed to determine the lowest impact velocity at which two elastic autoadhesive spherical particles will rebound from each other during impact. Furthermore, the process of fine API particles adhering to a large carrier in a vibrating container is investigated. It was found that there is an optimal amplitude and frequency for the vibration velocity that can maximise the number of particles contacting with the carrier (i.e. the contact number). The impact number and detachment number during the vibration process both increase with increasing vibration amplitude and frequency while the sticking efficiency decreases as the amplitude and frequency is increased.
Introduction
Dry powder inhalers (DPIs) are widely used for treating pulmonary and respiratory diseases, which can directly deliver micron-sized active pharmaceutical ingredients (API) particles to the lungs and respiratory tracts [1] [2] [3] . Since the API particles are generally very small (< 5 µm), they are extremely cohesive and have poor flowability [4] . To improve the flowability and dispersion efficiency of DPI formulations, API particles are either mixed with large carrier particles (usually 30 -70 µm) or aggregated into large agglomerates [5] . The attractive potential between API and carrier particles or other API particles is mainly due to van der Waals forces, electrostatic forces and capillary forces [6] . The particle-particle interaction forces have to be sufficiently strong that fine API particles can adhere with the carriers or form large agglomerates to be transported, but weak enough that they can be detached or dispersed by a deagglomeration process and thus allow the delivery of the API particles into the respiratory tracts and lungs. Therefore, particle-particle interactions play a significant role in controlling the performance of DPIs and hence many studies have been performed to explore the dependency of these interactions on particle size [7, 8] , material properties [9, 10] , particle concentration [11, 12] , particle morphology [13, 14] , particle surface roughness [15, 16] , storage conditions [17, 18] , surface area [19] , density and porosity [20] , and crystal form [21] . For example, Kaialy et al. [7] experimentally examined the influence of the particle size of lactose carrier on the DPI performance and demonstrated that the DPI performance improved with decreasing carrier particle size. Young et al. [11] investigated the relationship between API dosage (drug/lactose ratio) and aerosolisation performance of conventional carrier based formulations using the twin stage impinger and found that the fine particle fraction (FPF) decreased with increasing API dosage for small values of the parameter (10-135 µg/50 mg), while the FPF increased with increasing API dosage at large values of the API dosage (135-450 µg/50 mg).
These results were attributed to the effect of "active sites", which were preferentially occupied by API particles due to large contact area, high surface energy and simple geometric constrains. Therefore, there was a critical API dosage below which FPF decreased since API particles were adhered to active sites, and above which FPF increased since active sites were fully occupied with excessive API particles present in the formulation.
Kaialy et al. [15] also found that lactose particles with an elongated shape, more irregular shapes and a rougher surface could delivery more API particles to lower airway regions. Le et al. [17] employed a twin stage impinger to evaluate the dispersion performance at various humidity conditions and found that the FPF decreased as the relative humidity is increased. Cline and Dalby [19] found that the FPF increased with the increased surface area. Kaialy and Nokhodchi [20] suggested that engineered lactose with smaller bulk and tap density and higher porosity improved the homogeneity of drug content and the dry powder inhaler performance. Shur et al. [21] used seed crystals and supercritical carbon dioxide crystallization to produce ipratropium bromide monohydrate and anhydrous crystals, respectively, and found that these two crystals exhibited similar mechanical and interfacial properties, which also results in the similar DPI performance.
As the first step in preparing DPI formulations, the attachment of API particles to carrier particles is a critical stage for controlling the performance of DPIs. This is generally realised through mixing APIs with carriers in a blender, which determines the formulation quality and efficiency [17, [22] [23] [24] . Both mixing conditions (e.g. mixing time, mixing speed) and mixing processes can influence the formulation behaviour. For example, Selvam et al. [22] explored the effect of mixing time on the drug attachment process and found that the drug loading increased with increasing mixing time. They argued that this was due to the formation of drug-drug aggregates on the surface of the carrier particles as more drug particles were adhered over time. However, Le et al. [17] investigated the influence of mixing conditions on the API content and demonstrated that the mean values of the blends were poorly correlated with the mixing time.
These discrepancies might be caused by the different mixing times used (i.e. 1-30 min by Selvam et al. [22] and 60-180 min by Le et al. [17] ) and different materials investigated (i.e. Selvam et al. [22] used budesonide drug and polyolefin medical packaging films, while Le et al. [17] considered lactose carrier and Fluticasone Propionate drug).
The effect of mixing processes on formulation properties and DPI performance has also been investigated [23] [24] [25] [26] . Johns et al. [23] showed that the addition of fine excipient particles during the mixing process increased the pulmonary delivery of the drug and there was an optimal concentration of added excipients . Zeng et al. [24] used a twin stage impinger to investigate the effect of different sequences of addition on in vitro deposition. They found that the formulation prepared by first blending micronized lactose with coarse lactose before mixing with salbutamol sulphate produced a greater fine particle fraction and fine particle dose of salbutamol sulphate than the same formulation prepared using a different mixing order of the three components. Saleem et al. [25] used two lactose carrier systems (spray-dried and milled) and investigated the effects of surface energy and the so-called 'rate of blending' on the aerosol dispersion performance. They observed that the surface energy was inversely proportional to the DPI performance while the blending rates positively correlated with the performance. Dickhoff et al. [26] explored the effect of carrier payload (0.4-6.0% w/w of drug) on the dispersion performance of drug particles from adhesive mixtures and demonstrated that the amount of the residual drug on the carrier decreased with increasing carrier payload at a flow rate of 60 l/min. All these studies demonstrated that mixing is crucial in controlling the formulation quality, efficiency and performance of DPIs. Therefore, an improved understanding of the mechanism of particle adhesion and the drug attachment process during mixing is critical for enhancing not only the formulation quality, but also the performance of DPIs.
Although many efforts have been made to investigate the attachment process of DPI formulations, the underlying mechanisms, especially at the microscopic level, are still not well understood. Therefore, a Discrete Element Method (DEM) analysis is reported in this paper in order to provide insights into the attachment process during mixing. The impact between two spheres is first analysed to establish a criterion for determining whether two particles will attach or rebound during an impact.
In addition, the adhesive interaction between API particles and a large carrier particle in a vibrating container is analysed and the effects of vibration conditions are examined.
DEM with adhesion
The DEM for adhesive particles developed by Thornton and Yin [27] is used in this study. The translational and rotational motions of a particle are governed by the Newton's second law:
ω are the mass, moment of inertia, translational and rotational velocities of particle i , respectively. ci f and i T are the contact force and torque acting on the particle. g is the gravitational acceleration.
Due to the small particle sizes of both APIs and carriers used in DPIs, adhesion becomes important in governing the interaction between particles and particles/walls. Therefore, JKR theory [28] is applied to model the adhesion between particles, in which the relationship between the normal contact force P (i.e. normal component of ci f ) and relative normal displacement α is given as [29] :
where F α and C P are the displacement at which the two adhesive spheres are separated and the "pull-off" force with which the two adhesive spheres can be separated, and given as:
in which Γ is the thermodynamic work of adhesion, and R is the radius, ν is the Poisson's ratio, and E is the Young's modulus of the particles 1 and 2.
DEM models
Using DEM, impacts between two adhesive particles and mixing of API particles with a carrier particle in a vibrating container are simulated. The corresponding DEM models are presented in this section.
Impact between two spheres
Two identical particles with the properties given in Table 1 
is not considered in this case.
Mixing of API particles with a carrier particle in a vibrating
container Mixing of one carrier particle and N API particles in a vibrating cubic container is modelled in 3D. The side length of the container is l . All the carrier and API particles are spherical particles. The diameter of the carrier particle and mono-sized API particles are 70 µm and 5 µm, respectively.
The carrier particle is initially located at the centre of the container while the API particles are randomly generated in the empty space in the container as shown in Fig. 2a . The carrier and API particles are then allowed to settle to the bottom of the container under gravity as shown in Fig. 2b . Once the kinetic energy of the system (carrier and API particles) becomes negligible, the container is set to vibrate vertically with a velocity profile defined as:
where x V , y V and z V are the velocity components of the container, 0 V is the amplitude, f is the frequency, and t is the time. The simulation parameters are given in Table 2 . It is assumed that the API particles and the carrier have the same material properties as α-lactose monohydrate [30] .
4 Impact between two particles with adhesion
Impact behaviour
Fig . 3 shows the evolution of the relative displacement, relative velocity and normal contact force during the impact of two spheres at
.0058 m/s. The abscissa shows the time normalized by the duration from the beginning of the contact until the time instant at which the relative displacement reduces to zero. It can be seen that for autoadhesive particles, the relative displacement initially increases until a maximum value is reached, when the relative velocity reaches zero. Thereafter the relative displacement reduces. However, due to the adhesion, the two spheres cannot separate from each other when the relative displacement reduces to zero, and they continue to move in opposite directions until the relative displacement reduces to a certain value (i.e. F α as described in Eq. (4)). Correspondingly, once the two spheres come into contact a finite normal force is suddenly induced due to auto-adhesion. Then the normal force increases with increasing the relative displacement until the relative velocity of the two spheres reaches zero, which corresponds to a maximum contact force. The normal force then starts to reduce until it reaches C P − as described by Eq. (5). Thereafter it reduces to zero at the moment of separation. The relative velocity increases first due to the autoadhesion and then decreases until a minimum value is reached, where the force reduces to zero. Thereafter it increases again until the two spheres separate from each other. On the other hand, without autoadhesion, both the relative displacement and the normal force firstly increase from zero to maximum values at which the velocity reaches zero, and then decrease to zero with time. Fig. 4 shows the variation of the normalized contact force with the normalized relative displacement. The force acts on the two particles only when they are in contact with each other during the loading process, and the force increases with increasing displacement until a maximum value is reached. Then the unloading process starts and the force decreases as the displacement decreases. It is worth noting that the two particles do not separate from each other when the displacement reduces to zero due to the adhesion and they will continue moving in the opposite directions until the displacement reaches F α , at which point they separate from each other and the impact process ends. In Fig. 4 , the theoretical prediction using JKR theory (i.e. Eq. (3) Fig. 3 , however, the two spheres cannot separate from each other when the unloading process ends. As a result, cyclic loading and unloading take place, and the relative displacement increases again, and the evolutions of normal force and velocity also repeat the similar trends as those in the first loading process. It is worth noting that the amplitudes of relative displacement, normal force and velocity monotonically decrease in the subsequent impacts and eventually the two spheres adhere to each other, since some kinetic energy is dissipated due to the adhesion in each impact. Fig. 6 shows the normalized impact force as a function of the normalized displacement. It can be seen that the loading and unloading curves are similar to those shown in Fig. 4 . However, the two particles cannot separate from each other and will continue reloading until they stick together.
From the impacts with different initial velocities, it is found that due to the effect of the attractive force only the particles with sufficient initial kinetic energy (i.e. initial velocity) can rebound, while particles without sufficient initial kinetic energy will stick to each other. Therefore, there must be a critical initial velocity above which particles will rebound. An accurate determination of this critical velocity is crucial for the analysis of the attachment and detachment processes in DPIs and will be discussed in the next subsection.
Critical Velocity
As shown in Fig. 3 , there is still a finite force acting on the spheres when the relative displacement reduces to zero during the unloading process.
Thereafter the two spheres move in the opposite directions and the work done by the adhesive force dissipates some kinetic energy and possibly all the kinetic energy, which prevent the spheres separating. Therefore, only particles with sufficiently high kinetic energy will be able to rebound by overcoming the adhesive work, while others will stick to each other.
In order to accurately obtain the critical velocity, it is essential to calculate the work done by the adhesive force. Thornton [31] integrated the JKR force-displacement curve (described as Eq. (3) and the relative impact velocity, V , is defined as
Using Eq. (9), the critical velocity, C V , can be obtained as 
For the cases in which two spheres rebound from each other, denoting the rebound velocities of the two spheres as r V 1 and r V 2 , the following equation should be satisfied: 
where the relative rebounding velocity r V is defined as
In the current numerical analysis, a low impact velocity was initially set for the two particles at which they will stick to each other after impact. The velocity was then incrementally increased until the two particles separate from each other after the impact. V and r V , defined in Eq. (13) and Eq.
(18) respectively, can be obtained from the case in which two spheres rebound from each other, then the critical velocity can be obtained using Eq. (17) .
As the critical velocity is crucial for the understanding of the attachment and detachment process in DPIs, different cases with different particle sizes and work of adhesion are then simulated to investigate their effects on the critical velocity. Fig. 7 shows that for the same material (i.e. the same work of adhesion, Γ =0.44 J/m 2 ), the critical velocity decreases with increasing particle radius. Fig. 8 illustrates the effect of the work of adhesion on the critical velocity. For a given particle radius (i.e. (14), which
indicates that the current model can accurately predict the critical velocity for impacts in the presence of adhesion.
Mixing of a carrier with API particles in a vibrating container
In this section, the mixing process of one carrier particle and a number of API particles in a vibrated container is analysed using DEM, and the effects of the vibration amplitude and frequency on the mixing performance are discussed. and API particles as shown in Fig. 9b . An increasing number of API particles stick to the carrier as the vibration continues (Fig. 9c) . are further analysed to obtain the mean and standard deviation of the contact number, which will be discussed in the following sections.
Vibration process

Effect of vibration velocity amplitude
The variation of the mean and standard deviation of the contact number with vibration velocity amplitude, during the period indicated in the rectangular box in Fig. 10 , is shown in Fig. 11 . The vibration velocity amplitudes 0 V in these cases are different while the vibration frequency is fixed at f =60 Hz. The contact number first increases and then decreases with increasing vibration velocity amplitude. As a result there is optimal amplitude at which the contact number is a maximum. Moreover there exists a threshold amplitude below which the container cannot agitate API particles. On the other hand, the contact number will decrease due to "over-vibration" when the amplitude is larger than the optimal value.
The incremental contact number c N Δ during the whole vibration process is also shown in Fig. 11 . Impacts between the API particles and carrier particle are monitored during the process, then c N Δ can be obtained by: 
Discussion
Critical velocity during impact between two spherical particles with adhesion
A knowledge of the critical sticking velocity is very important for understanding the macroscopic behaviour of DPI formulations and provides science-based guidance for DPI formulation design. It is clear from the DEM simulations and predictions using Eq. (14) that increasing particle radius and decreasing work of adhesion can ideally decrease the critical velocity. This implies that, for impact-dominant dispersion processes, the dispersion performance in DPIs can be theoretically improved by using large particles with low work of adhesion, which will have a low critical sticking velocity so that particles can be dispersed more easily. It should be noted that the present analysis focuses on collinear impacts. Further analysis is needed for investigating the dispersion performance in processes dominated by oblique impacts of particles.
Attachment process during mixing in a vibrating container
Generally, the contact number during the attachment process is determined by the balance of the removal forces (i.e. impact force and gravitational force in the current cases) and adhesive forces (i.e. caused by the effect of the thermodynamic work of adhesion in the current cases)
acting on the particles. However, the overall performance of attachment can be affected by many factors (e.g. vibration velocity amplitude and frequency). The current numerical analyses show that there is optimal vibration velocity amplitude and frequency that maximises the contact number. API particles are oscillated in the vertical direction within the vibrating container, which may impact with the carrier particle. Once the impact velocity is lower than the critical sticking velocity, API particles will theoretically stick to the carrier. The optimal amplitude and frequency corresponding to the maximum contact number should be sufficiently large to agitate API particles from the bottom of the container but sufficiently small in order to avoid too many particles that initially stick with the carrier but are detached during impacts when the vibrating velocity and frequency are too high (i.e., over-vibration). As shown in Fig. 12 , the total impact number during the vibration process increases as the vibration velocity is increased, which indicates that API particles have more opportunities to impact with the carrier. On the other hand, as the vibration velocity is increased, the sticking efficiency decreases. This can be explained by the increasing impact velocity between the carrier and API particles with the increase of vibration velocity. As a result, many particles impact with the carrier with an impact velocity that is greater than the critical sticking velocity and thus rebound from the carrier. In addition, a higher vibration velocity causes more originally sticking API particles to detach from the carrier due to impacts between the carrier particle and the container walls.
Therefore, there is an optimal vibration condition that maximises the contact number. 
